Summary
Parkinson's disease is a common neurodegenerative disorder primarily characterized by rigidity, tremor and bradykinesia. Cognitive impairment and neuropsychiatric symptoms are frequent in Parkinson's disease, with a 70% cumulative incidence of dementia. The aim of this cross-sectional study was to establish the pattern of cerebral atrophy on MRI in Parkinson's disease patients with dementia. We used voxel-based morphometry (VBM) to provide an unbiased means of investigating brain volume loss. Whole brain structural T1-weighted MRI scans from Parkinson's disease patients with dementia (PDD, n = 26), Parkinson's disease patients without dementia (n = 31), Alzheimer's disease patients (n = 28), patients with dementia with Lewy bodies (DLB, n = 17) and control subjects (n = 36) were acquired. Images were analysed using SPM99 and the optimized method of VBM. Reduced grey matter volume in PDD patients compared with controls was observed bilaterally in the temporal lobe, including the hippocampus and parahippocampal gyrus, and in the occipital lobe, the right frontal lobe and the left parietal lobe, as well as some subcortical regions. Parkinson's disease patients without dementia showed reduced grey matter volume in the frontal lobe compared with control subjects. There was signi®cant grey matter atrophy bilaterally in the occipital lobe of PDD patients compared with Parkinson's disease patients. In addition, signi®cant temporal lobe atrophy, including the hippocampus and parahippocampal gyrus was detected in Alzheimer's disease relative to PDD. No signi®cant volumetric differences were observed in PDD compared with DLB. Thus, Parkinson's disease involves grey matter loss in frontal areas. In PDD, this extends to temporal, occipital and subcortical areas, with occipital atrophy in PDD being the only difference between the two groups. This provides important information aboutthe extrapyramidal symptoms. Diagnostically, PDD subjects are thus arbitrarily identi®ed as those patients having motor symptoms for a 12-month period or more prior to the development of features of DLB, the diagnosis being DLB if the dementia develops within 12 months of motor symptoms.
There is a need to determine the biological substrates underlying PDD and the extent to which these are the same as in DLB. Apaydin et al. (2002) found, neuropathologically, that patients with Parkinson's disease who develop dementia had a 10-fold increase in Lewy body counts in the neocortex and limbic areas compared with PDD. PDD, like DLB, is associated with cortical cholinergic loss and increasingly evidence points to the ef®cacy of cholinesterase inhibitors in both disorders (Reading et al., 2001; Aarsland et al., 2002) . Structural MRI studies have potential to provide important insights into the relationship between PDD, DLB and Alzheimer's disease. Most studies have focused on Alzheimer's disease, identifying temporal lobe and hippocampal atrophy compared with controls and a brain atrophy rate associated with increasing severity of cognitive decline (O'Brien et al., 2001) . DLB is also associated with generalized atrophy and ventricular enlargement but, in contrast to Alzheimer's disease, has less marked changes in the medial temporal lobe and hippocampus (Barber et al., 2000; Burton et al., 2002) .
Previous MRI studies found no evidence of generalized atrophy and ventricular enlargement in Parkinson's disease compared with controls (Huber et al., 1989) . In addition, Schulz et al. (1999) reported that striatal brainstem and cerebeller volumes are normal in idiopathic Parkinson's disease. More sensitive MRI methods have, however, shown signi®cant increases in annual brain volume loss in nondemented Parkinson's disease patients compared with control subjects (Hu et al., 2001) , with atrophy of the medial temporal lobe structure in Parkinson's disease being similar to that of Alzheimer's disease (Double et al., 1996) .
An early study of PDD did not ®nd any particular pattern of abnormality on MRI (Huber et al., 1989) . In contrast, the annual rate of brain atrophy has recently been correlated with global cognitive decline (Hu et al., 2001) , supported by ®ndings of diffuse cerebral atrophy and basal ganglia degeneration in Parkinson's disease patients with cognitive impairment (Alegret et al., 2001) . Hippocampal atrophy may not be speci®c to Alzheimer's disease but also occurs in vascular dementia (VaD) (Barber et al., 2000) and Parkinson's disease with and without dementia (Laakso et al., 1996; Camicioli et al., 2003) . Laakso et al. (1996) reported that raw hippocampal volumes in PDD were smaller than those in Alzheimer's disease (but not signi®cantly so) and that the volume in Parkinson's disease patients without dementia was diminished to a lesser extent. In, Parkinson's disease, hippocampal volume reduction has been linked to memory impairment (Riekkinen et al., 1998) .
Frontal lobe atrophy has also been described as a feature of both late-onset Parkinson's disease and DLB, while frontal lobe atrophy correlates with duration of motor symptoms (Double et al., 1996) . Frontal lobe changes would be consistent with the prominent executive impairment, characteristic of Parkinson's disease with early cognitive impairment and PDD (Owen et al., 1999) .
Most previous studies on Parkinson's disease have concentrated on visual inspection or region of interest (ROI) based methods. ROI analyses are operator dependent and rely on the arbitrary nature of boundary choice to de®ne a structure, as well as prede®ning the structure to be investigated. Automated unbiased voxel-based methods enable analysis of the whole brain in an operator-independent environment. Voxel-based morphometry (VBM) has been implemented in various studies of dementia including Alzheimer's disease (Rombouts et al., 2000; Baron et al., 2001; Karas et al., 2003) , DLB (Burton et al., 2002 ) and Parkinson's disease (Kassubek et al., 2002) .
In this study, we used VBM to study the pattern of cerebral atrophy in Parkinson's disease with and without dementia in comparison to normal controls, Alzheimer's disease and DLB. We hypothesized that brain atrophy would be greater in PDD than in Parkinson's disease, and that the pattern would be more similar to that seen in DLB than in Alzheimer's disease.
Methods

Subjects
The sample consisted of 159 subjects (34 with Parkinson's disease, 31 with PDD, 20 with DLB, 35 with Alzheimer's disease and 39 healthy elderly controls). Subjects underwent MRI scans as part of a baseline assessment in a prospective longitudinal study of dementia. Patients entering this study were selected from hospital and community dwelling populations under the care of local consultant old age psychiatrists, geriatricians and neurologists. Control subjects were recruited from friends and spouses of patients or carers. The Newcastle and North Tyneside ethics committee approved the study. All subjects gave informed consent to participate.
Assessments and diagnosis
Subjects underwent detailed physical, neurological and neuropsychiatric examinations, which included clinical history, mental state and physical examination and, for demented subjects, a standard blood screen with thyroid function tests, B12, folate and syphilis serology, and CT scan. Standardized schedules administered included the Mini-Mental State Examination (MMSE) (Folstein et al., 1975) , the Cambridge Cognitive Examination (CAMCOG) (Roth et al., 1986) , the Neuropsychiatric Inventory (NPI) (Roth et al., 1986) and the motor subsection of the Uni®ed Parkinson's Disease Rating Scale III (UPDRS III) (Fahn et al., 1987) . Diagnosis was made by consensus between experienced clinicians using the National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA) criteria for Alzheimer's disease (McKhann et al., 1984) , the consensus criteria for DLB and PDD (McKeith et al., 1996) and the UK Parkinson's Disease Society Brain Bank criteria for Parkinson's disease (Gibb and Lees, 1988) . All Alzheimer's disease subjects met criteria for probable Alzheimer's disease, 18 DLB subjects ful®lled probable and two possible DLB criteria, while all Parkinson's disease and PDD subjects met the clinical diagnostic criteria for Parkinson's disease. In addition, all PDD subjects met criteria for probable DLB, which had developed b12 months after the onset of motor symptoms.
Neuroimaging and data analysis
All scans were performed on a 1.5 Tesla GE Signa scanner (General Electric, Milwaukee, WI, USA). Whole brain T1-weighted 3D FSPGR data sets were acquired in the coronal plane [TR (repetition time) = 12.4 ms, TE (echo time) = 4.2 ms, TI (inversion time) = 650 ms, 256 Q 256 matrix, 1.6 mm slice thickness,¯ip angle = 15°, FOV (®eld of view) = 20 cm, in plane resolution 0.78 Q 0.78 mm] yielding 124 contiguous slices through the head. Standard head positioning was used throughout.
Images were transferred to a personal computer and converted to Analyze format using Mricro (http://www.mricro.com) and subsequently transferred to a Sun Ultra 30 workstation (Sun Microsystems Inc., Mountainview, CA, USA) and analysed using SPM99 (Statistical Parametric Mapping, Wellcome Department of Cognitive Neurology, London, UK; http//www.®l.ion.ucl.ac.uk/ spm) and Matlab 5.3.1 (The Mathworks, MA, USA). The optimized VBM protocol was applied to the images (Good et al., 2001) . Prior to image analysis, all images were checked for movement artefacts and manually re-orientated using the reorient function of SPM99, so that they were centred on the anterior commissure. Those images degraded by movement were excluded from further analyses, leaving a total study cohort, comprising 17 DLB, 28 Alzheimer's disease, 26 PDD, 31 Parkinson's disease and 36 controls.
VBM Templates
Customized whole brain and grey matter templates were created in order to facilitate optimal normalization and segmentation of elderly patient and control MRI scans. Templates were constructed for each comparison and included data from all subjects in the groups involved in that speci®c comparison, in an attempt to reduce the potential for bias towards one group during spatial normalization (Ashburner and Friston, 2000) . To construct the customized whole brain template, the original images were spatially normalized to the T1 Montreal Neurological Institute (MNI) template, which approximates the space de®ned by Talairach and Tournoux (1988) without Fig. 1 The effects of modelling global volume for the analysis of PDD relative to controls. Atrophy in PDD shown (A) compensated for differences in head size, with signi®cant changes in the temporal, occipital and frontal lobes and subcortical regions at P < 0.001 uncorrected, and (B) as regional changes in grey matter, above that occurring globally, with signi®cant changes in the thalamus, caudate and occipital lobe at P < 0.01 uncorrected.
any non-linear registration. Subsequently, the normalized scans were averaged and the resulting mean image was smoothed with an 8-mm full width at half maximum (FWHM) Gaussian kernel. The creation of study-speci®c grey matter templates involved spatially normalizing all structural images to the customized whole brain template, segmentation into grey matter, white matter and CSF partitions, brain extraction (for removing non-brain voxels from the grey matter images) and smoothing with an 8-mm FWHM kernel. The smoothed grey matter images were then averaged to create a grey matter template. This template was created to optimize the spatial normalization to grey matter and, by including the images as prior probability maps in the segmentation, permitted optimized segmentation and reduced the potential bias introduced when probability maps from young healthy controls are used.
Optimized VBM
Following the creation of study speci®c grey matter templates, the optimized protocol was subsequently applied to the original data (Good et al., 2001 (Good et al., , 2002 . Brie¯y, the original structural images were segmented in native space and extracerebral voxels were removed from the grey matter segments by a fully automated procedure. Thè brain extract' function involves a series of morphological operations (erosions and dilations) to remove non-cerebral regions (skull, A threshold of P < 0.01 (cluster level corrected) was used to identify the most signi®cant peaks. Coordinates (x, y, z) refer to standard Talairach space (Talairach and Tournoux, 1988) . Results are listed by cluster size as indicated by the value k, the number of voxels in a particular cluster. Numbers refer to Brodmann areas (location). L = left; R = right.
scalp and other non-brain tissue) from the segmentations. The extracted grey matter images were then normalized to the customized grey matter template (created previously) using a 12-parameter af®ne transformation and non-linear iterations to account for global non-linear shape differences (Ashburner and Friston, 1999) . The normalization parameters were subsequently reapplied to the original whole brain structural images, which were then resliced to a voxel size of 1 mm 3 . The normalized whole brain images were then automatically segmented into grey matter, white matter, CSF and other non-brain tissue using a modi®ed clustering algorithm based on the relative distribution of tissue types and using the customized prior probability maps. A correction for inhomogeneity was incorporated in the segmentation process. Again, the`brain extract' routine was used to remove any remaining extracerebral tissue from the grey matter segments. The resulting grey matter images were`modulated' in order to preserve the volume of a particular tissue compartment within each voxel. Modulation is a process in which information from the deformation ®eld generated during spatial normalization is used to render the VBM analysis more comparable to ROI analysis. The modulated images were smoothed with a 10-mm FWHM Table 2 . Fig. 2 Atrophy in Parkinson's disease patients shown (A) compensated for differences in head size, with signi®cant grey matter loss observed in the right frontal lobe at P < 0.001 uncorrected, and (B) as regional changes in grey matter, above that occurring globally, with less signi®cant changes in the right frontal lobe at P < 0.01 uncorrected. Fig. 3 Grey matter volume loss in PDD relative to Parkinson's disease, accounting for differences in head size (P < 0.001 uncorrected). Atrophy was observed in the occipital lobe bilaterally, although less signi®cant on the right.
isotropic Gaussian kernel to render the data ready for statistical analysis by conditioning the residuals to conform to the Gaussian random ®eld model (Friston et al., 1995) . The resulting smoothed, modulated, normalized regions contained the average amount of grey matter within a region surrounding a voxel. This enabled the investigation of the absolute volume of grey matter (Ashburner and Friston, 2000; Good et al., 2001 ).
Statistical analysis
The smoothed, modulated grey matter data were analysed using statistical parametric mapping (SPM99) employing the General Linear Model (Friston et al., 1995) . Volumetric changes in grey matter were tested by analysis of the modulated data. Since, during modulation, we incorporated the correction for volume change induced by spatial normalization, it was appropriate to include total intracranial volume (TIV) as a covariate to remove any variance due to differences in head size. TIV was calculated using thè get_globals' function of SPM99. The number of voxels in each of the tissue compartments was calculated and summed. Global grey matter voxel intensity was included as a covariate to determine the regionally speci®c pattern of loss within the grey matter compartment, over and above global or generalized grey matter change. Two-tailed contrasts were constructed to examine both increases and decreases in grey matter between two groups. The analysis of covariance was used when TIV and mean grey matter globals were included in the analysis. The statistical parametric maps were thresholded at P < 0.001 uncorrected for multiple comparisons and all images are presented in neurological orientation (i.e. right of the images is right side of brain, unless otherwise stated). The coordinates of peak voxels were transferred from MNI space to Talairach space using a non-linear transform approach described by Brett et al. (1999) . The Talairach daemon (Lancaster et al., 2000) was used for anatomical localization of changes. Table 1 shows the demographic and clinical characteristics of all groups. Groups were matched for sex and broadly matched for age, although the Alzheimer's disease group were older than the PDD (P < 0.007) group. As anticipated, MMSE and CAMCOG scores were lower in all dementia groups than in controls and cognitively intact Parkinson's disease subjects (P < 0.001). There were no signi®cant differences in global cognitive measures between the control and Parkinson's disease groups or between the three dementia groups. The DLB, Parkinson's disease and PDD groups had higher UPDRS III scores than both Alzheimer's disease patients and normal controls (P < 0.001), with Alzheimer's disease patients having higher scores than controls P < 0.001). There were no signi®cant differences in UPDRS III scores between DLB and Parkinson's disease groups. PDD subjects had higher UPDRS scores and a longer duration of illness than any of the other patients groups (P < 0.001). Figure 1A demonstrates atrophy detected by VBM, covarying for TIV, in PDD relative to controls. PDD patients had a relatively diffuse pattern of grey matter volume loss bilat- (BA 9, 10, 46, 47) on the right (P < 0.0001). Although less marked, changes were also observed in left inferior and superior parietal lobes (BA 5 and 7) (P < 0.005 corrected). Subcortical areas showing signi®cant losses included the caudate tail and putamen on the right and the thalamus bilaterally (P < 0.0001). To determine regionally speci®c patterns of loss in the grey matter compartment itself, mean global grey matter was included. In PDD, atrophy (thresholded as P < 0.01 uncorrected) was seen in the thalamus bilaterally and in the right caudate (Fig. 1B) . Tables 2 and 3 show the location and Talairach coordinates for results obtained from analysis with TIV and mean grey matter, respectively, comparing PDD patients with controls. Examination of the reverse contrast did not yield any signi®cant results (i.e. there were no grey matter volume increases in PDD compared with controls).
Results Demographics
VBM results
Parkinson's disease patients without cognitive impairment showed signi®cant clusters of reduced grey matter volume compared with controls, in the superior, middle and inferior frontal gyri (BA 10, 45, 47) on the right (Fig. 2A) . The pattern of grey matter atrophy was similar, although less signi®cant with grey matter globals included as a covariate (thresholded at P < 0.01 uncorrected) (Fig. 2B ). There were no grey matter volume increases in Parkinson's disease relative to controls. Table 4 contains information regarding the location and Talairach coordinates of signi®cant regions.
Comparing PDD with Parkinson's disease, there was signi®cant grey matter loss in the fusiform and lingual gyri of the left occipital lobe (BA 18 and 19) and less signi®cantly in the same areas on the right (P < 0.047 corrected) (Fig. 3 and Table 5 ). No regionally speci®c grey matter change was observed beyond the global grey matter change. No signi®-cant grey matter losses (globally or regionally) were observed in the Parkinson's disease patients relative to PDD.
Compared with Alzheimer's disease, PDD patients showed no signi®cant grey matter volume loss. In Alzheimer's disease relative to PDD, signi®cant atrophy was observed in the hippocampus and parahippocampal gyrus bilaterally, and in the inferior temporal gyrus (BA 20), claustrum and right uncus (BA 28) (Fig. 4A) . A similar pattern of atrophy was observed when mean grey matter globals were included to look at regional changes (Fig. 4B) .
There was no difference in grey matter atrophy between PDD and DLB, irrespective of whether TIV or mean grey matter globals were included. Similar results from all the analyses were obtained when the two possible DLB cases were excluded.
Discussion
Using VBM, we have shown that Parkinson's disease patients have signi®cant reductions in grey matter volume in the frontal and temporal lobes compared with control subjects. This is in agreement with previous studies, which have reported diffuse gyral atrophy throughout the temporal, parietal and frontal cortices (Hu et al., 2001) . Decreased frontal lobe perfusion has also been observed in Parkinson's disease with and without dementia, with greater perfusion de®cits in those with dementia (Antonini et al., 2001) .
Although early MRI studies in PDD suggested that there was no distinct pattern of atrophy on MRI (Huber et al., 1989) , more recently it has been suggested that the atrophy observed in PDD is not only different to Parkinson's disease without dementia but that it takes a similar form to Alzheimer's disease, affecting the medial temporal lobe (Laakso et al., 1996) . Our results, however, suggest that the Fig. 4 Atrophy in Alzheimer's disease patients shown (A) compensated for differences in head size and (B) as regional changes in grey matter, above that occurring globally presented at P < 0.001. There is signi®cant grey matter volume reduction bilaterally in the hippocampus, parahippocampal gyrus and inferior temporal lobe.
pattern of grey matter volume loss in PDD is different from Alzheimer's disease and resembles more closely the pattern of atrophy observed in DLB. When global grey matter was modelled, atrophy of the thalamus and caudate was observed, which suggests that atrophy in these structures exceeds that for grey matter in general in patients with PDD. Recent studies have highlighted the a-synuclein burden in striatum (Duda et al., 2002) and thalamic nuclei (Ru Èb et al., 2002) , providing a plausible pathological substrate for these ®ndings.
We also found greater hippocampal atrophy in Alzheimer's disease than in PDD, which is contrary to some previous reports (Laakso et al., 1996) , although in agreement with others (Camicioli et al., 2003) . Laakso et al. (1996) reported that the absolute volume of the hippocampi in PDD was smaller than that of Alzheimer's disease patients, although not signi®cantly so, while the coexistence of Alzheimer's disease pathology in the Parkinson's disease group could not be ruled out. In a recent study of MCI (mild cognitive impairment) patients, hippocampal and infero-lateral temporal atrophy was observed when compared with controls (Chetelat et al., 2002) . This was in contrast to the more superior and posterior regions affected in Alzheimer's disease. In a recent VBM study, frontotemporal dementia was reported to be associated with dorsolateral atrophy while semantic dementia showed bilateral anterior temporal and hippocampal atrophy (Rosen et al., 2002) . In a comprehensive ROI study, asymmetric hippocampal atrophy was found to be more extensive in semantic dementia than Alzheimer's disease (Galton et al., 2001 ). This ®nding was con®rmed by others (Chan et al., 2001) . However, Mummery et al. (2000) reported temporal pole, inferolateral temporal lobe and ventromedial frontal atrophy but failed to detect hippocampal atrophy in semantic dementia. We included in our PDD group only subjects who ful®lled DLB criteria (i.e. had additional symptoms of¯uctuation and/or hallucinations) and did not include subjects with a progressive steady cognitive decline in the absence of these features. Since the latter might be more similar to the clinical pro®le of Alzheimer's disease, our sample was possibly biased against the inclusion of Parkinson's disease subjects who might also have Alzheimer's disease pathology and hippocampal changes. One potential limitation of our study is the reliance on clinical, rather than autopsy proven, diagnoses. However, we used the most speci®c and best validated (against autopsy) currently available and our centre is one of the few to verify its clinical diagnoses of Alzheimer's disease and DLB against autopsy .
The reduced grey matter volume observed in the occipital lobe in PDD was contrary to previous ®ndings. The only difference between Parkinson's disease groups with and without dementia was grey matter loss in the right occipital lobe of the PDD group. Occipital hypoperfusion in Parkinson's disease patients without dementia has been reported and is correlated with impaired cortical visual processing (Abe et al., 2003) . Whether this hypoperfusion is associated with structural change is unclear. Occipital hypoperfusion is a recognised feature of DLB (Colloby et al., 2002) , but using both ROI (Middelkoop et al., 2001) and VBM (Burton et al., 2002) approaches we previously showed that this did not appear secondary to occipital lobe atrophy (Middelkoop et al., 2001) . Uncertainty remains, therefore, as to the relationship between atrophy, neuropathology and perfusion de®cits in Parkinson's disease with and without dementia. VBM is not without its limitations. Spatial normalization is used to map each image to a template image in standard space. In order to reduce the degree of non-linear warping, we used customized T1 templates created from controls and patients. By spatially normalizing the data, there is the potential to introduce errors which can show regional speci®city, especially were variance is high. Small structures such as the hippocampus show high variability among the elderly and diseased groups. VBM may be insensitive to the detection of subtle changes/atrophy in areas of high variance, although VBM detected atrophy of the hippocampus has been demonstrated previously. Image segmentation is fully automated, but is subject to potential partial volume effects, particularly at the interface between tissue types. This effect may be increased in diseased or elderly brains where the tissue contrast is reduced and may lead to misclassi®cation of voxels. In an attempt to reduce the effects, we have used customized prior probability maps during segmentation and included a correction for image non-uniformity.
To determine anatomical localization, SPM maps were overlayed onto a customized template which re¯ects the variance of structures. In doing so, it became apparent that the loss of grey matter in the occipital lobe area of PDD subjects was very close to the edge of the brain. Scalp, skull and fat on the inner surface of the skull in the occipital lobe are a problem during segmentation and can be classi®ed wrongly. In an attempt to reduce these effects, we incorporated into our analyses an automated brain extraction step to clean up the grey matter segments and used customized templates to reduce bias. Nevertheless, it is possible that the occipital change could re¯ect inclusion of some non-brain structures in the Parkinson's disease group. In addition, VBM remains a relatively new analysis technique and we note the suggestion that atrophy detected in the deep grey matter nuclei in the PDD group may re¯ect misclassi®ed voxels and interface shift due to ventricular enlargement (Good et al., 2001) in the patient group.
In PDD relative to DLB, we found no signi®cant difference in the pattern of cerebral atrophy in either group. This strengthens the hypothesis that PDD is similar to DLB and might be part of the same disease spectrum. This is consistent with studies showing similarities in extrapyramidal motor features (Aarsland et al., 2001) and¯uctuating attention in PDD and DLB.
Conclusion
We have demonstrated, using VBM, that Parkinson's disease involves grey matter loss in frontal areas. In PDD, this loss extends to the temporal, parietal and subcortical areas, with atrophy in the occipital lobe being the only difference between the two groups. Signi®cantly, we have shown that atrophy of the temporal lobe, including the hippocampus and parahippocampal gyrus, is greater in Alzheimer's disease than in PDD. Using VBM, we have avoided the subjectivity associated with ROI based methods and have further demonstrated the use of automated whole brain analysis methods for the evaluation of brain structure in disease.
